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ABSTRACT 
 
In the present study, Ti-16Sn-4Nb alloy was prepared by mechanical alloying (MA). Optical microscopy, scanning 
electron microscopy combined with energy dispersive X-ray analysis (SEM-EDX), and X-ray diffraction analysis 
(XRD) were used to characterise the phase transformation and the microstructure evolution. Results indicated that ball 
milling to 8 h led to the formation of a supersaturated hcp α-Ti and partial amorphous phase due to the solid solution of 
Sn and Nb into Ti lattice. The microstructure of the bulk sintered Ti-16Sn-4Nb alloy samples made from the powders at 
shorter ball milling times, i.e. 20 min- 2 h, exhibited a primary α surrounded by a Widmanstätten structure (transformed 
β); while in the samples made from the powders at longer ball milling times, i.e. 5- 10 h, the alloy evolved to a 
microstructure with a disordered and fine β phase dispersed homogeneously within the α matrix. These results 
contribute to the understanding of the microstructure evolution in alloys of this type prepared by powder metallurgy. 
 
 
1. INTRODUCTION 
Pure titanium (cp-Ti) and some of its alloys are widely 
used as promising implant materials due to  their 
excellent corrosion resistance, biocompatibility and 
high degree of strength-to-weight ratio, and may tailors 
the combination of high strength and low Young’s 
modulus required for orthopaedics and dental 
applications [1,2]. Pure titanium exhibits an allotropic 
changing from a body-centred cubic crystal structure at 
high temperatures (β phase) to a hexagonal close-
packed crystal structure (α phase) at lower 
temperatures. The allotropic behaviour and 
microstructure of titanium is highly influenced by 
interstitial and substitutional elements resulted in a 
broad range of alloys with different properties and 
applications. This diversity is particularly highlighted 
in the alloys with a two phase, known as α+β alloys. 
[3]. Tin (Sn) and niobium (Nb) are amongst 
biocompatible alloying elements [4] and have complete 
solubilities in the α and β phases or just in β phase, 
respectively [3]. 
 
Using mechanical alloying (MA) to synthesize and 
develop titanium-base alloys is a field of growing 
interest. This technique is a solid-state powder 
processing in which elemental powders are being 
alloyed by repeated deformation/welding/fracture 
mechanisms under frequent mechanical impacts. It 
involves diffusion at atomic level and allows 
production of various non-equilibrium phases ranging 
from supersaturated solid solutions to nanocrystalline 
and/or amorphous phase with unique characteristics [5-
7]. MA is capable of processing titanium alloys with 
specific microstructures and improved mechanical 
properties compared to the conventional powder 
metallurgy or casting techniques [8]. As the most 
important process variable of MA, the milling time 
appears to have great effect on the final constitution of 
powders as well as the microstructure of bulk sintered 
materials. 
 
Apart from the chemical composition of mechanically 
alloyed materials, a full understanding of structural 
development during milling is a matter of importance 
and provides fascinating insights into the phase growth 
and mechanical behaviour of ball milled powders. 
Despite enhanced interest in tissue engineering, there 
has not been much effort on microstructure evolution 
of bulk sintered alloys made from the powders after 
different ball milling times.  
 
In the present study, a biocompatible Ti-16Sn-4Nb 
(wt.% hereafter) alloy was prepared from elemental 
powders followed by mechanical alloying for relatively 
short periods of ball milling. The morphological 
changes of powders and microstructure evolution of the 
bulk sintered materials were monitored by means of 
optical microscopy, scanning electron microscopy 
combined with energy dispersive X-ray analysis (SEM-
EDX), and X-ray diffraction analysis (XRD).   
 
 
2. EXPERIMENTAL PROCEDURE 
 
Elemental powders of Ti, Sn and Nb were blended for 
the preparation of Ti -16Sn-4Nb alloy. Table 1 shows 
the characteristic of the powders used in the production 
of Ti-16Sn-4Nb alloy. The MA process was conducted 
in a planetary ball mill (Retsch, PM400) with stainless-
steel containers and balls at room temperature. The 
powder-to-ball weight ratio was maintained at 20:1. 
The ball milling was carried out at a rotation rate of 
200 rpm.
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Table 1. Characteristics of the elemental powders 
 
 Elements                                                     Ti                                   Sn                                 Nb 
 
 Purity (%)                                                 99.9                                99.9                               99.8 
 Size (µm)                                      ≤ 45 (-325 mesh)                         45                                 ≤ 45  
 Morphology                                          irregular                          spherical                       irregular 
 
 
To minimize the contamination of oxygen and nitrogen, 
the powders were loaded in a glove box chamber under 
argon gas and the containers were also sealed and 
purged with argon before and during milling process. 
Due to the ductility of titanium and tin powders, the 
milling process must be carefully controlled by adding 
a certain amount of process control agent (PCA) to the 
milling environment. The PCA improves the milling 
efficiency by impeding fresh metal surface contacts 
and reduce the welding of the powders to each other 
and to the milling tools. About 2 wt.% of ethylene-bis-
stearamide (EBS) was added as PCA and the powders 
were subsequently milled for different times from 
20 min to 10 h. The mechanically alloyed powders 
were consolidated by a uniaxial cold press under the 
pressure of 750 MPa. The green compacts were then 
sintered in a high vacuum furnace at 1150 °C for 5 h 
with the heating/cooling rate of 10 °C/min. 
Metallography of the as-sintered samples was carried 
out using conventional techniques and specimens were 
etched with Kroll solution: 3 ml HF, 6 ml HNO3, 
100 ml H2O. 
 
The polished and etched samples were observed using 
an optical microscope with the objective of 
determining the microstructural evolution during 
mechanical alloying. Particle morphology and the 
distribution of elements within the particles were 
performed using scanning electron microscopy (SEM, 
Leica S440) coupled with energy dispersive X-ray 
analysis (EDX). Phase formation was characterised 
using X-ray diffractometer (XRD) with Cu Kα 
radiation. 
3. RESULTS AND DISCUSSION 
3.1. X-ray diffraction analysis 
 
Fig. 1 illustrates the XRD patterns of Ti-16Sn-4Nb 
powder mixtures as a function of ball milling time. The 
as-mixed powder mixture comprised of all elemental 
metals of titanium, tin and niobium, as shown in 
Fig. 1(a). Irrespective of a slight change in intensity of 
some elemental peaks, no significant difference was 
observed for the powders ball milled for 20 min and 
2 h (Fig. 1(b) and (c)). However, after ball milling for 
5 h, the intensities of the Ti and Sn peaks decreased 
more drastically due to the grain size reduction and/or 
accumulated of mechanical strains (Fig. 1(d)). The 
dissolution of Nb in Ti lattice and form a Ti (Nb) solid 
solution is identified by the disappearance of Nb peaks. 
Meanwhile, the absence of Nb peaks might also be 
ascribed to the coverage of finely crushed Nb particles 
by the particles of Ti and Sn. Zhou and Rao [9] have 
raised the same probable cause for the disappearance of 
Si peaks after 5 h milling in Ti-Al-Si system. The XRD 
patterns of the powders ball milled for 8 and 10 h are 
shown in Fig. 1(e) and (f), respectively. It can be seen 
that the intensity of the Sn peaks were fading to traces 
after 8 h ball milling (Fig. 1(e)) and disappeared 
completely after 10 h ball milling (Fig. 1(f)). 
 
On the other hand, for the powders ball milled for 8 
and 10 h, the XRD patterns show the formation of a 
mixture of hcp α-Ti phase and a partial amorphous 
phase, as evidenced by broadened peaks in Fig. 1(e) 
and (f). For 10 h ball milled powders the amount of 
amorphous phase is larger than that in the 8 h ball 
milled powders. The dissolution of the constituent 
elements of Nb and Sn in the hcp α-Ti lattice and 
formation of the amorphous phase were attributable to 
the increased number of crystal defects (i.e. 
dislocations, vacancies, stacking faults, grain 
boundaries, etc.) evolving during ball milling. The 
predominance of the α-Ti peaks during the whole ball 
milling process can be attributed to the dissolution of 
the relatively α-stabilizing nature of Sn in Ti-alloys 
[10]. 
 
The X-ray diffraction analysis of the bulk sintered 
sample is shown in Fig. 2. The XRD pattern of the Ti 
alloy powders after ball milling for 2 h and sintered at 
1150 °C for 5 h is shown in Fig. 2(c). It can be seen 
that the peak at the position of the original Ti (002) 
shifts to a lower angle and a new Ti (β) peak with 
B.C.C. crystalline structure appears at 2θ = 39°. The 
absence of Sn and Nb peaks, as well as the formation 
of β phase at this stage indicate the dissolution of the 
solute elements in Ti lattice. 
 
 
3.2. Morphological Observation   
 
The morphology of the ball milled Ti-16Sn-4Nb 
powders synthesized at different ball milling times 
were observed by scanning electron microscopy- 
secondary electron imaging (SEM-SEI). Fig. 3 shows 
the typical cases of the powders ball milled from 
20 min to 10 h. The starting elemental powders of Ti 
and Nb displayed irregular morphologies, while Sn 
showed a spherical shape. In the early stages of ball 
milling, the particles are generally subjected to a low 
energy introduced by colliding balls (Fig. 3(a) and (b)) 
and many particles retained shapes like those of the 
starting powders. However, after ball milling for 2 h, 
the ductile powders were deformed into the larger  
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Figure 1. XRD patterns of Ti-16Sn-4Nb powders at 
different ball milling times: (a) 0 h; (b) 20 min; (c) 2 h; 
(d) 5 h; (e) 8 h; and (f) 10 h. 
 
Figure 2. XRD patterns of Ti-16Sn-4Nb alloy 
(a) elemental powders; (b) ball milled for 2 h and (c) the 
bulk made from the powders ball milled for 2 h followed 
by sintering at 1150 °C for 5 h. 
 
 
particles with more flaky shape. Proceeding the milling 
time to 5 h, the multilayered structure were developed 
by disintegration and re-welding of flattened flakes at a 
fine scale (Fig. 3(c)). At this stage, the particles 
showed more uniform distribution and smaller size. At 
longer ball milling times from 8 to 10 h, the particles 
gradually became equiaxed, seen in Fig. 3(d) and (e). 
 
The 10 h ball milled powders show a cluster-like 
structure consists of several small particles with the 
average diameter of about 10 µm as presented in 
Fig. 3(e). The formation of the agglomerated particles 
after 10 h ball milling time is due to the decomposition 
of PCA resulting in predominance of cold welding over 
fracture mechanism between powders. However, 
proceeding ball milling longer than 10 h might provide 
a balance between cold-welding and fracture. It can be 
noticed from the whole process that the particle sizes 
are agglomerated at the first 2 h ball milling and then 
refined with further milling from 5 to 10 h. 
 
 
3.3. Microstructural Characteristics 
 
The microstructures of the bulk sintered Ti-16Sn-4Nb 
alloy samples fabricated from the powders ball milled 
from 20 min to 10 h are shown in Fig. 4(a)-(e), 
respectively. The sintering process was conducted at 
1150 °C for 5 h.  
A relatively short milling time of 20 min and 2 h 
resulted in the formation of a primary α phase and a 
lamellae-like secondary α phase interlaced with the β 
grains, known as Widmanstätten structure (Fig. 4(a) 
and (b)). This inter-laced microstructure is typical of 
α+β titanium alloys in which the α laths nucleate and 
grow below the β transus temperature at orientations 
determined by the slip systems. Moreover, the 
microstructure of the sample sintered from the powders 
ball milled for 2 h exhibited a coarser α-laths for both 
the primary and secondary α phases compared to that 
of the sample made from the powders ball milled for 
20 min. The decrease in volume fraction of 
Widmanstätten α was also found after 2 h ball milling.  
 
The microstructures of the sample sintered from the 
powders ball milled for 5, 8 and 10 h consist of mostly 
fine β phase within the α phase as depicted in Fig. 4(c), 
(d) and (e), respectively. In comparison with the 
samples made from the powders ball milled for 20 min 
and 2 h, those of the samples made from longer ball 
milling times of 5, 8 and 10 h showed no 
Widmanstätten structure, a significant reduction in 
grain size and homogenization of β phase distribution. 
 
This homogenously distributed β phase at the longer 
milling times might be attributed to a more uniform 
distribution of the Nb particles as β-stabilizing element 
in the powder mixture. The absence of typical 
Widmanstätten structure could be put down to (i) the 
smaller size of the β grains after 5 h ball milling; (ii) 
the gradual decomposition of PCA into carbon and 
oxygen during ball milling process leading to an 
increase in the transition temperature of Ti [11,12]; and 
(iii) a less volume fraction of β phase due to the change 
in chemical composition of particles through solid 
solution of constituent elements in α-Ti. 
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Figure 3. SEM micrographs of the Ti-16Sn-4Nb powders ball milled for different times : (a) 20 min; (b) 2 
h; (c) 5 h; (d) 8 h; and (e) 10 h. 
It is worth noting that a fully transformed structure 
(Widmanstätten α+β) is indicative of a heat treatment 
above the β transus temperature [13]. For the samples 
made from the powders ball milled for 5, 8 and 10 h it 
is possible that higher level of contaminants, mostly 
carbon, did not take the material above its transition 
temperature. 
 
Fig. 4(c)-(e) illustrate the gradual grain refinement of 
dark contrast β phase and white contrast α phase which 
correlates with the particle size of their constituent 
elements at different stages of milling. The 
microstructure of samples made from the powders ball 
milled for 5 h shows the disintegration of primary β 
phase into smaller particles (Fig. 4(c)). Upon further 
ball milling to 8 and 10 h, the microstructure of the 
sintered samples displayed a homogeneous distribution 
of fine β particles within the α matrix, as shown in 
Fig. 4(d) and (e).  
 
 
3.4. EDX Analysis  
 
The SEM backscattered electron images for the Ti-
16Sn-4Nb alloy powders ball milled for 2, 5 and 10 h 
are shown in Fig. 5(a), (b) and (c), respectively. The 
powders ball milled for 2 h illustrate unprocessed and 
fragmented materials of the starting constituents 
(Fig. 5(a)). At this stage, the colliding force between 
balls and constituent elements is mostly used in the 
deformation process and only a few Ti particles are 
incorporated into each of the Sn and Nb particles.
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Figure 4. Optical micrographs of the bulk sintered Ti-16Sn-4Nb alloy made from the powders ball milled for: 
(a) 20 min; (b) 2 h; (c) 5 h; (d) 8 h; and (e) 10 h. 
 
 
Further ball milling to 5 h led to the predominance of 
welding mechanism and increases the interdiffusion 
rate of alloying elements. Fig. 5(b) shows the lamellar 
structure while unalloyed particles are embedded 
between them. As the process approaches to 10 h, the 
ratio of the lamellae is reduced and more interfacial 
boundaries are observed (Fig. 5(c)). The enhanced 
diffusivity of solute elements of Sn and Nb into the Ti 
lattice and the following formation of convoluted 
structure are due to the introduction of more crystal 
defects and shorter diffusion distance. At this stage, the 
unalloyed starting powders that have not been cold 
welded are also seen. 
 
The EDX analysis (Fig. 6) revealed the light and dark 
spots as Nb and Ti particles, respectively, while the 
grey areas were converged to the overall composition 
of the elemental powders. 
 
The presence of unalloyed Nb particles in Ti (Sn) solid 
solution may arise from the different facts. According 
to Patankar and Froes [14] during MA, the brittle Nb 
get coated on to the surface of the ductile Sn (and also 
Ti), leading to the absence of the Nb characteristic 
peaks in the x-ray diffraction patterns. 
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Figure 5. The SEM backscattered electron images of the 
cross-section of the Ti-16Sn-4Nb particles for different 
ball milling times: (a) 2 h; (b) 5 h; and (c) 10 h. 
 
 
Another reason could be the limited solubility of Nb in 
α-Ti. It is known that isomorphous β-stabilizing 
elements such as Nb, V and Mo have slower 
diffusivities in Ti than eutectoid elements of Fe, Co 
and Ni [15]. The diffusion process is affected by the 
increased amount of contamination at longer ball 
milling times [16]. Rocha et al. has shown that the 
increased content of PCA results in substantial increase 
in the number of isolated Nb particles in the Nb-Al 
samples as a result of reduced welding process [17]. 
However, it is predicted that the embedded particles 
and layered structure become microstructurally 
featureless in longer milling time [18]. 
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Figure 6. EDX microchemical analysis of the Ti-16Sn-
4Nb powder after ball milling for 10 h at three different 
spots as indicated in Fig. 5(c). 
 
 
4. CONCLUSIONS 
 
In the present study, the Ti-16Sn-4Nb alloy was 
synthesized through the ball milling of elemental 
powders for different times from 20 min to 10 h. The 
following conclusions can be drawn: 
 
1. X-ray diffraction analysis of the Ti-16Sn-4Nb 
powders revealed a significant dissolution of Nb and 
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Sn into Ti lattice after 5 and 8 h ball milling, 
respectively. However, there were still Nb traces 
remained in longer milled powders.  
 
2. Ball milling from 8 to 10 h led to a significant 
particle refinement and the development of α-Ti and 
partial amorphous structure. 
 
3. The microstructure of the sintered samples made 
from the powders ball milled for 20 min and 2 h 
exhibited a Widmanstätten structure and a primary α 
phase. The samples made from the powders ball milled 
for 5, 8 and 10 h showed a homogeneous distribution 
of fine β phase within the α matrix. 
 
4. The SEM backscattered electron images and EDX 
analysis for the Ti-16Sn-4Nb alloy powders ball milled 
for 10 h exhibited the formation of convoluted 
structure and traces of unalloyed Nb particles. 
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